In this report we provide evidence that neuronal nicotinic acetylcholine receptors (nAChRs) are present on hippocampal astrocytes and their activation produces rapid currents and calcium transients. Our data indicate that these responses obtained from astrocytes are primarily mediated by an AChR subtype that is functionally blocked by ␣-bungarotoxin (␣Bgt) and contains the ␣7 subunit (␣Bgt-AChRs). Furthermore, their action is unusual in that they effectively increase intracellular free calcium concentrations by activating calcium-induced calcium release from intracellular stores, triggered by influx through the receptor channels. These results reveal a mechanism by which ␣Bgt-AChRs on astrocytes can efficiently modulate calcium signaling in the central nervous system in a manner distinct from that observed with these receptors on neurons.
In this report we provide evidence that neuronal nicotinic acetylcholine receptors (nAChRs) are present on hippocampal astrocytes and their activation produces rapid currents and calcium transients. Our data indicate that these responses obtained from astrocytes are primarily mediated by an AChR subtype that is functionally blocked by ␣-bungarotoxin (␣Bgt) and contains the ␣7 subunit (␣Bgt-AChRs). Furthermore, their action is unusual in that they effectively increase intracellular free calcium concentrations by activating calcium-induced calcium release from intracellular stores, triggered by influx through the receptor channels. These results reveal a mechanism by which ␣Bgt-AChRs on astrocytes can efficiently modulate calcium signaling in the central nervous system in a manner distinct from that observed with these receptors on neurons.
A lpha-bungarotoxin acetylcholine receptors (␣Bgt-AChRs) are abundant in the central nervous system (1, 2) . They are thought to participate in brain functions such as modulation of synaptic transmission and memory formation (3) . In addition, it has been proposed that they play an important role in the reinforcement of smoking behavior (4) and in disease states such as schizophrenia (5) .
A key mediator of events triggered by the activation of ␣Bgt-AChRs is calcium. These receptors exhibit a high permeability to calcium relative to sodium (6) and effectively raise intracellular calcium concentrations by depolarizing neurons and causing calcium influx through voltage-gated calcium channels (VGCCs) (7, 8) .
Activation of ␣Bgt-AChRs can influence a variety of calciumdependent events in the central nervous system. For example, undifferentiated hippocampal progenitor cells express low levels of the receptor and their activation can lead to apoptotic cell death (9) . Mice expressing a mutant form of the ␣7 gene, one that reduces receptor desensitization, are susceptible to abnormal apoptosis, possibly because of increased calcium influx through the receptor channels (10) . Furthermore, ␣Bgt-AChRs can increase the frequency of spontaneous events in the hippocampus, most likely because of their ability to increase transmitter release by altering presynaptic calcium levels (11, 12) .
The existence of hyperpolarizing and depolarizing responses to nicotine reported from astrocytes (13) prompted us to examine nicotinic acetylcholine receptor (nAChR) signaling in astrocytes. Astrocytes have elaborate calcium signaling mechanisms (14) . Recent studies have demonstrated that these cells respond to neuronal activity and modulate synaptic transmission (15) . Bidirectional calcium signaling between astrocytes and neurons has been demonstrated (16) . In addition, astrocytes have been shown to participate in calcium-mediated vesicular release of glutamate that can modulate neuronal activity (17, 18) .
In this paper we describe an unusual cholinergic signaling cascade in hippocampal astrocytes that is mediated by ␣Bgt-AChRs. We show that astrocytes exhibit currents sensitive to ␣7-specific antagonists. Activation of these receptors generates calcium transients in the cells resulting mainly from calciuminduced calcium release (CICR) triggered by ion flux through the receptor channels. Our results suggest that ␣Bgt-AChRs activate a calcium-signaling cascade in astrocytes that is distinct from that activated by these receptors on neurons, suggesting that astrocytes could be important contributors to cholinergic signaling.
Methods
Cell Culture. Primary astrocytes were cultured by one of the following two protocols. (i) Purified astrocytes were obtained according to Levison and McCarthy (19) . Briefly, the hippocampus was dissected from newborn rats. Cells were dissociated with papain and plated on uncoated 7.5-cm flasks (Falcon) at 1 to 3 ϫ 10 5 cells per flask. Cultures were grown in MEM͞GLUTAMAX medium (Life Technologies, Rockville, MD) containing 20 mM glucose, penicillin (1000 IU͞ml), streptomycin (1 mg͞ml), and 10% FBS. No mitotic inhibitors were added. After a week in culture, the flask was shaken at 250 rpm overnight (12-16 h). The cells were then trypsinized and replated on coverslips coated with polylysine (100 g͞ml) and collagen (500 g͞ml), at the required density and used 36 to 48 h later. With this method, Ͼ99% of the cells were positive for glial fibrillary acidic protein (GFAP), indicating that they were astrocytic in nature. No neuronal contamination was observed. (ii) Hippocampi were dissociated and cells plated on coated coverslips at a density of 5-10 ϫ 10 3 cells per 16-mm well. After 5-7 days in culture, Ͼ75% of the cells were GFAP-positive and could be morphologically identified. GFAP expression was determined by using an anti-GFAP antibody (Sigma) followed by a fluorescein-conjugated secondary antibody (Jackson Immunochemicals, West Grove, PA). All experiments in this study were performed on purified astrocytes and results were confirmed by using primary mixed cultures. open patch pipette. On an average, complete solution exchange was achieved within a millisecond. The rate of solution exchange at the astrocytes, some of which are extremely flat cells with ruffled membranes, is likely to be slower. The valves and the piezo element were controlled by software written in VISUAL BASIC or by PCLAMP 7 (Axon Instruments, Foster City, CA). In all experiments with acetylcholine (ACh), atropine was always included to block muscarinic receptors.
Calcium Imaging. The 35-mm dishes with glass bottoms were coated and cells were plated as described above. External recording solutions contained 140 mM NaCl, 2.5 mM KCl, 0.5 mM MgCl 2 , 2 mM CaCl 2 , 10 mM Hepes (pH 7.4), 10 mM glucose, and 0.0005 mM atropine. Specific modifications to this composition are described in the text. Osmolarity of all solutions was adjusted to between 310 and 315 milliosmolar. Cells were incubated with 10 M fluo-3 acetoxymethyl ester (Molecular Probes) for 30 min.
Imaging experiments were performed with a Nikon Eclipse 300 microscope equipped for epifluorescence. A Nikon PlanApo ϫ60 (numerical aperture 1.4) oil immersion lens was used for all experiments. Excitation light was provided by a 150-W xenon arc lamp (Optiquip, Highland Mills, NY) and was attenuated to 3.125% by using neutral density filters to avoid photobleaching. Excitation and emission wavelengths were obtained by using a standard fluorescein filter set. Images were collected with a Cooke Sensicam peltier-cooled camera (PCO, Kelheim, Germany). Exposure times were usually 100 ms and images were collected at various frequencies as indicated. Acquisition and analyses were performed with SLIDEBOOK software (Intelligent Imaging Innovations, Denver).
Fluorescence was measured over the entire cell body and responses are presented as % ⌬F͞F0, where F0 is the resting fluorescence of the cells and ⌬F is the change in fluorescence over resting levels. The mean background autofluorescence, determined from 100 cells, was subtracted from all fluorescence traces. For normalizing fluo-3 signals, the following approaches were used: (i) In experiments where multiple ACh responses were obtained from the same cell, F0 was taken as the baseline fluorescence at the beginning of image acquisition and data were presented as percent increase in fluorescence. (ii) For direct comparisons among dishes, at the end of an experiment, the external solution was changed to one containing 10 mM MnCl 2 and 10 M ionomycin and no added calcium. The manganesesaturated fluorescence (F Mn ) was measured 5 to 10 min later, once the fluorescence had equilibrated. Fluorescence of each cell was then normalized to its respective F Mn and compared. In some cells, F Max was also calculated with 10 mM CaCl 2 and 10 M ionomycin. The mean F Mn ͞F Max was 0.205 Ϯ 0.014 (mean Ϯ SEM; n ϭ 21) consistent to that reported for this dye in other systems (20) . Manganese-saturated fluorescence should correspond to an intracellular calcium concentration of 100 nM (20) . The average baseline fluorescence normalized to F Mn was 0.99 Ϯ 0.03 (n ϭ 93 cells). For all experiments using manganese calibration, only one field per dish was imaged.
For calibrating the relative fluorescence of the dye to other divalent cations, 50 M fluo-3 pentapotassium salt solutions with 10 mM chloride salts of Ca were loaded onto 50-m-thick capillary tubes (Dynamic, NJ) and imaged as above. This procedure was necessitated because both ionomycin and calcium ionophore A23187 show poor selectivity for these ions (21, 22) . Based on these experiments, the mean F Sr ͞F Ca was 0.27, whereas F Ba ͞F Ca was 0.14.
For rapid image acquisition, the cells were under constant illumination. The size of the acquired image was reduced so that the camera was able to capture images at an average rate of one frame per 59 ms. All images were corrected for photobleaching.
Electrophysiology. Astrocytes in culture were used 4-7 days after initial plating or 36-48 h after replating. As far as possible, cells that were isolated in the field were used for the recordings. Recording conditions were as described for the measurement of rapid currents from astrocytes (23). Briefly, the external solution was the same as that used for the imaging experiments. Internal solution contained 130 mM potassium gluconate, 10 mM NaCl, 10 mM Hepes (pH 7.2), 10 mM EGTA, 2 mM ATP, and 0.2 mM GTP and were adjusted to pH 7. Current-voltage relationships for the slow component of the current were generated by applying 100 M ACh for 1.3 s. The voltage was ramped (1 mV͞ms) from Ϫ60 mV to ϩ35 mV, 300 ms after the onset of drug application. A second ramp without the drug was applied, and the currents were subtracted to arrive at the final current-voltage relationship.
Results
Astrocytes Have Functional nAChRs. We examined the presence of functional nAChRs on hippocampal astrocytes by two different techniques: whole cell voltage-clamp and calcium measurements.
Whole-cell voltage-clamp measurements were performed on cultured hippocampal astrocytes. ACh was applied rapidly for 300 ms in the presence of 100 nM atropine to block any muscarinic effects. agonist application, indicated that upon application of 1 mM ACh currents decayed with time constants of 2 ms and 25 ms (r 2 ϭ 0.98). Currents were slower when agonist concentration was reduced to 100 M and decayed with time constants of 6.17 ms and 49.5 ms (r 2 ϭ 0.97). Applying buffer alone did not elicit discernable currents (data not shown). As expected, currentvoltage relationships obtained in the presence of 100 M ACh showed an inward rectification (n ϭ 4 cells; Fig. 1C) .
The response to ACh was nicotinic in nature. Application of ACh in the presence of 10 nM methyllycaconitine (MLA), an agent selective for ␣Bgt-AChRs (25), completely blocked the response (n ϭ 6 cells, Fig. 1 A) . Washout for 5 min resulted in the recovery of 69 Ϯ 8% of control. Similarly, treating cells with 100 nM ␣Bgt also resulted in a complete block of ACh-induced currents (n ϭ 4 cells). These results indicate that the currents elicited in astrocytes by ACh are due to the activation of ␣Bgt-AChRs. Current densities calculated with the measured peak current on activation by 1 mM ACh and cell capacitance were 11.2 Ϯ 4 pA͞pF at Ϫ60 mV. This suggests that only 2.5 or 5 functional channels are present per 100 m 2 (assuming uniform distribution and a single channel conductance of 73 pS (26) or 35 pS (27) . This is about an order of magnitude lower than that seen in hippocampal neurons (28) .
A second set of experiments made use of the ability of ␣Bgt-AChRs to increase the intracellular free calcium concentration. To determine whether application of ACh to astrocytes would lead to detectable calcium transients, we loaded the cells with 10 M fluo-3 acetoxymethyl ester and imaged them at 0.3 Hz. ACh was applied for 2 s in the presence of 500 nM atropine. This procedure resulted in a rapid and transient increase in cytosolic calcium as indicated by changes in fluo-3 fluorescence ( Fig. 2A) . Calcium rise occurred immediately upon application of the agonist and decayed to baseline over the next 2 min (Fig. 2B) .
Results obtained from application of 1 mM ACh (n ϭ 31 cells) and 100 M ACh (n ϭ 42 cells) are presented in Fig. 2B . On an average, 1 mM ACh increased the fluorescence by 245 Ϯ 15%. Interestingly, application of 100 M ACh showed a similar calcium rise. Fluorescence increased 237 Ϯ 13% over baseline Confirming evidence that the response was mediated by ␣Bgt-AChRs came from the finding that the calcium transients, in response to 100 M ACh, can be reversibly blocked by 10 nM MLA. In the presence of the antagonist, the calcium response was blocked by 99 Ϯ 0.6% (n ϭ 21 cells). Washout of the drug for 5 min resulted in a recovery to 48 Ϯ 15% of control responses (Fig. 2C) .
In addition, preincubation of astrocytes with 100 nM ␣Bgt for 30 min completely abolished ACh-induced calcium transients in a manner that was not reversible over a 30-min washout period (n ϭ 61 cells). In the same cells, depolarization by 75 mM KCl produced a large calcium transient, indicating that the lack of response was indeed caused by the block of ␣Bgt-AChRs. Data from a representative cell are presented in Fig. 2D .
␣Bgt-AChRs Activation Can Trigger CICR. We then examined the nature and the source of calcium transients observed on activation of ␣Bgt-AChRs on astrocytes. We found that removing calcium from extracellular solution resulted in no calcium transients in response to ACh application (0 Ϯ 1% increase in fluorescence, n ϭ 17 cells; Fig. 3A ). This result suggested that influx of calcium from the outside was essential, consistent with signaling through ligand-gated ion channels.
In neurons, increases in the intracellular calcium concentration on activation of ␣Bgt-AChRs are mainly due to calcium influx through VGCCs (7). To determine whether ␣Bgt-AChR activation resulted in influx through these channels, we examined the responses to 100 M ACh in the presence of 100 M CdCl 2 . This concentration of cadmium was sufficient to block KCl-evoked responses from astrocytes (data not shown). Blocking calcium channels had no effect on calcium influx (215 Ϯ 22% increase in fluorescence, n ϭ 40 cells; Fig. 3B ). These results suggest VGCCs do not contribute significantly to the nicotinic responses and that the influx necessary for calcium response comes from ion flux through ␣Bgt-AChR channels.
Is calcium influx through ␣Bgt-AChR channels further amplified by release from intracellular calcium stores? To answer this question, we blocked microsomal calcium pumps by incubating cells with 1 M thapsigargin (TG) for 30 min. At the end of the incubation period, astrocytes were challenged with 20 mM caffeine to test for store depletion. Results were expressed as ⌬F͞F Mn calculated for each cell. As expected, caffeine gave a very small response (increase in fluorescence of 13 Ϯ 1.1%, n ϭ 28 cells) indicating that intracellular stores had indeed been depleted (Fig. 4A) . Under these conditions, rapid application of 100 M ACh with 500 nM atropine resulted in a very small increase in fluorescence (Fig. 4A , increase in fluorescence of 4 Ϯ 0.2%).
This lack of response was not caused by elevated resting calcium levels as showed by resting F͞F Mn values in Fig. 4 . We also ruled out direct action of TG or changes in resting calcium on nAChRs by measuring currents under these conditions. No significant changes in ACh-evoked currents were detected (n ϭ 8 cells; data not shown).
The data indicated that activation of ␣Bgt-AChRs leads to release of calcium from intracellular stores. Previous studies have demonstrated the presence of functionally distinct inositol trisphosphate (InsP 3 ) and ryanodine-sensitive stores in astrocytes (29) . We examined the contributions from both these sources.
Involvement of InsP 3 -sensitive stores was investigated by incubating cells in 20 M Xestospongin C (Xe-C), a membranepermeant noncompetitive inhibitor of InsP 3 receptors (30) . After a 30-min incubation, the mean change in fluorescence in response to 100 M ACh was 204 Ϯ 18%, not significantly different from control responses (n ϭ 38 cells, Fig. 4B ). Decay rate of the calcium transient was, however, faster. Mean time constant of decay for Xe-C-treated cells was 11.8 s (r 2 ϭ 0.99) compared with 24.8 s (r 2 ϭ 0.99) in untreated astrocytes. In addition, from the integral of the transient, we calculated the total calcium change after Xe-C treatment to be Ϸ25% less than in control cells. This suggests that InsP 3 stores are activated later in the calcium response and are minor contributors to peak of the calcium transients resulting from the activation of ␣Bgt-AChRs.
Our data implied that most of the ␣Bgt-AChR-induced increase in calcium is caused by CICR from ryanodine-sensitive stores. If this were true, we would expect that a second response under conditions where the store had not had time to refill would be decreased. We demonstrated this response by depleting the stores by addition of 20 mM caffeine. As shown in Fig. 4C , the response elicited by 100 M ACh, 90 s after challenging the cells with caffeine was 6.5 Ϯ 3% of control responses (n ϭ 38 cells). As, expected, a second caffeine response after the ACh application was also reduced (12.02 Ϯ 4% of the control caffeine response), indicating that both caffeine and ␣Bgt-AChRs use the same pool of intracellular calcium.
We then tested the effects on the ACh response of blocking caffeine-sensitive stores with 100 M ryanodine. In the presence of this concentration of ryanodine, application of 100 M ACh gave a very small increase in fluo-3 fluorescence (13.1 Ϯ 1%; n ϭ 40 cells; Fig. 4D ), as did an application of caffeine (15.5 Ϯ 1.3%), leading us to conclude that most of the calcium rise seen in control cells was caused by release from ryanodine-sensitive stores.
One concern with pharmacological manipulations of intracellular stores is that they perturb calcium homeostasis in cells. We, therefore, confirmed our findings by using a different approach taking advantage of two previous observations. (i) ␣Bgt-AChRs have a broad permeability to divalent cations (31) . (ii) Although strontium can substitute for calcium in triggering CICR (32) , this effect is not mimicked by barium (33) . A further advantage with this approach is that fluo-3 has a much reduced fluorescence when bound to both barium and strontium than that seen with the calcium-bound dye. Thus, if most of the calcium rise were caused by calcium released from stores, one would see a rise in fluorescence with strontium but not with barium.
Data from ion-substitution experiments are shown in Fig. 5 . Application of ACh, in the presence of 10 mM extracellular strontium, resulted in a robust rise in fluorescence. A second application of ACh 5 min later, this time with extracellular calcium, elicited responses that were 79 Ϯ 8.5% of the first strontium response ( Fig. 5A ; n ϭ 25 cells; compare with 66 Ϯ 8% for the second of two calcium responses from these cells). Pretreatment of astrocytes with TG abolished the response (Fig.  5B) . Further, no calcium transients were seen when barium was used as the divalent cation (Fig. 5C) , even though the average current response was the same as control (n ϭ 6 cells; data not shown).
A requirement for CICR mediated by ␣Bgt-AChR activation in astrocytes would be calcium influx through the receptor channels (because VGCCs are not involved). Our results with TG suggest that this trigger calcium is at best a minor component of the response. It is, however, possible that we were unable to detect a small and rapid influx component because of slow rate of imaging (1 Hz). We, therefore, increased our acquisition rate to one frame every 59 ms. Fig. 5C shows averaged results from 16 to 25 cells. As expected, ACh application in the presence of both strontium and calcium elicited a transient response, whereas application in the presence of barium did not. These data imply that the small influx component is not a discrete, temporally segregated event.
Discussion
In this study, we describe nicotinic cholinergic responses from hippocampal astrocytes that shed light on the unique properties and signaling mechanisms used by ␣Bgt-AChRs. Our data allow us to draw the following conclusions: (i) Astrocytes express functional ␣Bgt-AChRs. Their activation leads to discernible currents and a large rise in cytosolic calcium. (ii) Unlike nAChRs on neurons and ligand-gated ion channels in general, ␣Bgt-AChRs on astrocytes increase intracellular calcium concentration mainly by triggering calcium release from intracellular caffeine-sensitive stores.
␣Bgt-AChRs on astrocytes exhibit several significant differences from those present on neurons. One difference is in the number of active receptors. From our calculations, the density of functional receptors on astrocytes is lower than that seen on hippocampal neurons. The actual numbers, however, are likely to be underestimates. Because ␣Bgt-AChR channels open very briefly and desensitize rapidly (34) and because receptor activation will be asynchronous, it is probable that number of functional receptors calculated from the peak currents represent only a small fraction of the total. Further, this estimate assumes uniform distribution of ␣Bgt-AChRs, which has been shown not be true in systems tested thus far.
We expect that ␣Bgt-AChRs, described in this study from cultured astrocytes, are present in situ. There is considerable evidence that a number of receptors and signaling mechanisms described from astrocytes in culture also exist in brain slices. These include receptors for glutamate, ␥-aminobutyric acid, glycine, and ATP (for review, see ref. 35 ). For example, ionotropic glutamate receptors seen on astrocytic in culture have recently been identified from the cells in slice preparations (36) . Furthermore, glutamate release mediated by rises in intraastrocytic calcium levels, described in detail from cultures, has been shown to occur in slices (17) . These studies establish the reliability of astrocyte analyses in culture for predicting behavior in situ, at least in terms of neurotransmitter receptor expression and function.
A second important difference between ␣Bgt-AChRs on neurons and astrocytes is that, in hippocampal neurons, most of the changes in bulk calcium induced by receptor activation result from influx through VGCCs. Activation of ␣Bgt-AChRs on astrocytes, however, leads to an increase in cytosolic calcium mainly via CICR from caffeine-sensitive calcium stores. Despite the reported presence of VGCCs on cultured astrocytes and our data showing calcium transients in response to rapidly applied KCl, they do not seem to play a role in calcium entry upon activation of ␣Bgt-AChRs.
Our experiments show that the influx component at best accounts for about 6% of the bulk calcium response. This result is not surprising and is consistent with what is known about ␣Bgt-AChRs and CICR in other systems. In the absence of contributions from VGCCs, influx through ␣Bgt-AChRs on hippocampal neurons accounts for about 10% of the peak bulk calcium response (7) . Examination of CICR from dendrites in hippocampal slices triggered by synaptic stimulation has shown that the trigger calcium is undetectable (37) , suggesting a spatial coupling between N-methyl-D-aspartate receptors and intracellular stores. Our results also suggest that the small influx component is not a discrete, temporally segregated event, at least at our current temporal resolution. Thus, it is possible that astrocytes show spatial coupling between ␣Bgt-AChRs and caffeine-sensitive channels. Our study and studies on N-methyl-D-aspartate receptors (37) and a recent report on the ␣9-AChRs (38) suggest that functional coupling of ligand-gated ion channels with high calcium permeability to CICR may be more widespread than has been recognized.
Preliminary studies examining the involvement of InsP 3 receptors raise the interesting possibility of sequential amplification of intracellular calcium levels. The data suggest that release from InsP 3 stores is minor and secondary to release from ryanodine stores. As CICR seems to be necessary for the AChR response (based on the finding that ryanodine blocks most of the response), it follows that calcium release from CICR channels in turn elicits further release from InsP 3 stores. This report, along with previous studies (29, 38, 39) , also provides evidence for the existence of two separate and spatially resolved endoplasmic reticulum stores in astrocytes.
Such sequential amplification could be a mechanism by which fast desensitizing receptors such as ␣Bgt-AChRs can elicit large and long lasting changes in bulk cytosolic calcium. This interplay would also allow for greater flexibility in modulating calcium levels in these cells.
The concept of astrocytes as active modulators of synaptic transmission is receiving considerable attention. Both functional (40) and anatomical studies (41, 42) show that astrocytic processes have intimate contacts with individual synapses and that synaptically released neurotransmitters can have access to receptors on astrocytic membranes (42) . Activation of astrocytic receptors surrounding a single synapse causes local increases in calcium (40) . Complex calcium signaling cascades involving CICR and release from InsP 3 stores will allow these local signals to be transmitted from one part of the astrocyte to another (16) . As the processes of one astrocyte contact many synapses, signals received by the cell at one synapse can be transmitted to processes surrounding other synapses. Calcium transients at these astrocytic processes could result in the vesicular release of glutamate (17) , which would, in turn, leads to an increase in the frequency of glutamatergic and GABAergic spontaneous postsynaptic currents (43) .
We propose that activation of ␣Bgt-AChRs on astrocytes by synaptically released ACh at a few sites could alter the frequency of excitatory and inhibitory miniature postsynaptic potentials at a large number of synapses. Thus it is possible that the reported presynaptic nicotinic modulation of transmitter release (11, 44, 45) might, in some cases, represent astrocyte-mediated glutamate release. Such a mechanism would provide means by which nAChRs regulate synaptic efficacy more globally in the central nervous system than has been recognized.
